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SUMMARY 

Wake-survey measurements of  the  thrust   loading of the-NACA 
3 4 3 )  (05)  -05 elght-blade  dual-rotating  propeller  are  presented  to  supple- 
ment the  previously  &dished  force-test   results  for  this  propeller.  
The data are presented  for  blade angles of  650, TO0, 750, and 800, mea8- 
ured at,0.75R, a t  forward Mach numbers from 0.35 t o  0.925. 

The results indicate that changes i n  the  l if t-curve  slopes of the 
a i r fo i l   sec t ions  have a secondary  influence in producing the  large 
decreases i n  thrust loading which occur a t  high Mach numbers. These 
decreases in thrust are   pr imari ly   the  resul t  of changes i n   t h e  angles 
of  zero lift and increases i n  the  d r a g  coefficients o f  t h e   a i r f o i l  8ec- 
t ions.  The changes in  thrust loading with Mach number were found t o  be 
l e s s  pronounced a t  the t ip   s ec t ions  than a t  the  inboard  sections. 

INTRODUCTION 

The resu l t s  of force-test  measurements of  thrust ,  power, and e f f i -  
ciency for the NACA 3-( 3) (05)-05 eight-blade  dual-rotating  propeller at 
forward Mach numbem t o  0.925 were presented i n  reference 1. To supple- 

, ment these data, surveys of to ta l   p ressure  in the  propel ler  w a k e  were 
made simultaneously  with  the  force measurements.  These pressure data 
have been  reduced to   sec t ion  thrust coefficients which are presented 
here in   to   ind ica te  some of the ef fec ts  of Mach  number on the thrust 
loading of a dual-rotating  propeller.. 
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SYMBOLS 

blade  width  (chord) 

thrust coefficient, T 
~ n ~ ~ ~ 4  

section thrust  coefficient, - dT 

propeller  diameter 

blade  section maximum thickness 

advance rat io ,  - VO 
nD 

NACA RV L52103 

Mach  number of advance (tunnel Mach  number uncorrected f o r  
tunnel-wall  conitrain‘t) 

propeller  rotational speed, r p s  ’ 

propeller-tip  radius 

radius  to a blade element 

radius to a wake s ta t ion  

thrust 

equivalent  free-air  velocity of advance (tunnel  velocity cor- 
rected for tunnel-wall  constraint) 

blade-element station, 2 
R 

wake station, 5 
R 

P blade  angle, deg 

7% 
hlade  angle a t  0.75R, deg 

P a i r  density, slugs/cu ft 

. 
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Subscripts: 

F front  propeller 

R rear p o p e l l e r  

Test equipment.- The present tests were conducted in the  Langley 
8-foot high-speed tunnel with the  propeller dynamometer described i n  
references 1 and 2. A sketch  of the dynamometer " b a l l e d  in  the  tunnel  
i s  shown i n  figure I. 

Separate  electric motors were used to   d r ive   the   f ront  and rear pro- 
pel lers   but  only a single source of variable-frequency power was available 
f o r   t h i s  purpose. The Front and rear   propel ler   rotat ional  speeds  could 
not,  therefore,  be  controlled  individually.  Differences i n  loading 
between the front and rear propellers,  coupled with difference8 i n  the 
motor character is t ics ,   resul ted.   in  unequal ro ta t iona l  speeds  of the two 
propellers. This difference in ro ta t iona l  speed amounted t o  a maximum 

I of  1.7 percent. 

Total  pressures i n  the  wake of  the  propeller were measured by the 

angle  of 4 3 O  and the  a i r foi l   sect ion  perpendicular   to   the  leading edge 
had a maximum thickness   ra t io  of 10 percent. The to ta l   p ressures  were 
ueasured in  a plane  approximately 17 inches downatrean of  the rear pro- 
ueller  center  l ine.  The radial   locationi  of the total-pressure  tubes 
&ere  such tha t   the  tube locations of  one rake were not  duplicated by those 
of the  opposite  rake. The total-pressure  tubes were constructed of 
stainless-steel  tubing  with an outside  diameter  of 0.090 inch. Each tube 
was reamed with a tapered reamer having an included angle of 20° which 
produced a nearly sharp  leading edge on each  total-pressure  tube. A 
slant-type manometer board was used t o  meamre the  total   pressures  and 
the  readings were recorded  photographically. 

* survey  rakes shown in figure 1. The rake  s t ruts  were sweptback a t  an 

Propeller.- The 3-foot-dimeter  dual-rotating  propeller  consisted of 
eight  blades:  four in the   f ront   propel ler  and f o K  of  opposite hand in 
the  rear  propeller.  The distance between propeller  center  l ines was 
6 inches.  The-Front and re& blades  differed  sl ightly in t w i s t ,  as shown 
by the blade-form  curves of figure 2. In other   reqec ts ,   the  design of 
the  f ront  and rear  blades was ident ical .  NACA 16-eer ies   a i r fo i l   sec t iom 
were used and all sections were cambered fo r  a des ign l i f t   coe f f i c i en t  

or' 7.13, which corresponds t o  a blade  angle  -of  &out 750 a t  0.7%. A 
photograph of a blade is shown in.   f igure 3. .. 

I of 0.3. The propeller was designed for  an  unusually  high advance r a t i o  

I 
L 
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TESTS AND REDZK:TION OF DATA 
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Each run was made a t  a fixed  value  of  tunnel Mach  nuniber and blade- 
angle  setting,  with  the  rotational speed varied t o  cover a range of 
advance r a t io .  The difference in blade  angle between the  f ront  and r ea r  
propellers was chosen t o  produce approximately  equal power absorption a t  
peak efficiency. Thrus t  loadings,  obtained from the wake surveys, are 
presented in  this  report   for  front  propeller  blade  angles of 65O, TO0, 
75O, and 800 measured at 0.75R. The forward Mach  number range was varied 
from 0.35 t o  0.925. 

The t o t a l   p e s s u r e s  i n  the  propeller wake were measured by the  rakes. 
With the  propeller  operating,  the  radial  variation  of  static  preesure a t  
the rake location was found t o  be small. For simplicity,  the  static  pres- 
sure used  for  determination of the thrust loading was obtained from an or i -  
f i c e  on the dynamometer barrel .  

The pressure measurements were reduced to   sect ion  thruat   coeff ic ient  
by m e w  of the  equations  presented in   references 3 and 4. The basic 
equation  for  section thrust coeff ic ient   for  a propeller i n  f'ree air, 
obtained from reference 3, is  

c 1 

where 

J advance rat io ,  5 
nD 

9 dynamic pressure, 9 P 
P air density 

v velocity 

Subscripts: 

0 fax ahead of propeller (free stream) 

1 at   the   rake   loca t ion  i n  the  propeller wake 

2 far behind  propeller (where static  pressure  has  returned  to 
free-stream static pressure) 
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c 

free-atream  Mach  number 

static-pressure  coefficient, PI - Po 
90 

total-pressure-rise  coefficient, =I - Ho 
90 

static  presguxe 

total  pressure 

were  computed for asaumed  values  of Mg, 

P b  and -. These  data  were then plotted ae a family of curves to per- m 
90 

1/2!q1 1/2 
mit the  term (z) LG) to be  easily  ohtained From the measured  data. 

of curves was computed and plotted for this quantity. 

The  remaining qua,ntity in the  basic  equation t ) 1 / 2  - is not so 

tractable.  Evaluation of this term by the method suggested in refer- 
ence 3 requires a knowledge of the stagnation temperature  rise through 
the  propeller.  Since  this  information wa8 not obtained in the  present 
tests,  the m e t h o d  suggested i n  reference 4 was used t o  approximate  this 
density  ratio. The expression  given i n  reference 4 is 

a 
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where 

K - C  4 V 2(1 - 3 )  - P O  x Jj 

C 
P 

TO 

cP 

P 

7 
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specific  heat of a i r   a t   cons t an t   peewe ,   f t - l b / s lug /deg  

absolute  temperature  (static) of  f ree  stream, R 
0 

power coefficient, 

power, ft-lb/sec 

efficiency 

P 
pn39 

The values  of power coefficient and efficiency used i n  this equation 
were obtained from the  force  tests of this propeller ( re f .  1). The 
density  ratio  obtained from this equation  represents an average  value 
along  the  radius and was f e l t   t o  be inapplicabie at stationa where the 
loading was small.  Since  the  loading i s   r e l a t i v e l y  small a t  t h e   t i p  
station,  the  density  ratio a t  th i s   s t a t ion  and a t  a l l  s ta t ions beyond 
t h e   t i p  was arbitrarily assumed to  3e  untty.  

I n  the  present tests, the  values.substi tuted  in  the  preceding 
equations  for  the  free-stream  condition were obtained from the wind- 
tunnel  calibration.  This  calibration was performed with  the  propeller 
dynamometer  mounted in  the  tunnel  but  with  the  propeller blades removed. 

It was na t   feas ib le   to  determine the thrust loading  within  the 
boundary layer which existed on the dynamometer barrel .  Measurements o f  
section thrust coefficient Fnboard of XU = 0.525 are,  therefore,  not 
presented and no values of the  integrated thrust coefficient are 
presented. 

The front  and rear propellers  generally  operated a t  somewhat d i f fe r -  
ent  rotational  speeds. The values  of  section thrust coefficient and 
advance ratio  presented  herein were based on the  rotational speed of the 
front  propeller.  The values of  advance ratio  presented have been  cor- 
rected  for  the  effect  of tunnel-wall constraint as explained in   reference 1. 

RESUL!t'S AND DISCUSSION 

An interest ing phenomenon occurred during this dual-rotat ion  tes t  - *  

which had not occurred i n  previous tests of.two-blade  single-rotating 
L - 
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propellers i n  the 8-foot high-speed tunnel. This phenomenon took  the 
form of  "beats" which were c lear ly  audible in the  tunnel test chamber. 
A t  a fixed  operating  condition,  the sound level   rose and f e l l  a t  a 
regular rate with a period  rangingfrom less than a aecond t o  several  
seconds,  depending upon the   par t icular  operating condition. This fluc- 
tuat ion of the noiee level was accompanied by a f luctuat ion of the wake 
total   pressures  as indicated  by  the manometer-board tubes. The thrust 
dis t r ibut ion  indicated by the   to td-pressure  tubes apwared t o  be normal 
when the sound was a t  a minimum but was considerably  distorted when the 
"beat"  noise was a t  a maximum. The 'two conditions are i l l u s t r a t ed  by 
figure 4 fo r  a front  propeller blade angle of TO0 at  a forward Mach 
lluniber of 0.35. 

The "beat" noise and the   dis tor t ion of the wake pat tern have not 
been  explained  but it seems l ike ly  that they are connected  with  the 
difference in ro ta t iona l  speeds of  t he  two propellers. The "beat" 
effect  occurred  over  the' complete Mach.rmmber range  but was apparent. 
o i l y  a t  operating  conditione  near peak efficiency. The frequency of the 
beat  vaxied with ro ta t iona l  speed a t  a given blade angle and Mach nuniber 
and appeared t o  be a function of the  difference in ro ta t iona l  speed of the 
f ront  and rear  components, becoming smaller as the d i f fe rence   in  epeed 
became smaller. 

This "beat" e f fec t  would probably not occur i n  a normal dual- 
propel ler   inatal la t ion where the  two propellers are geared t o   t u r n  at 
the same ro ta t iona l  epeed. An attempt has, therefore, been made t o  elim- 
inate the  distorted thrust diatributione f'rom the  following data. 

Figures 5 t o  8 present  th? measured section-thrust-coefficient  curves 
for   the  NACA 3-( 3)( 05)-05 eight-blade dual propeller a t  blade-angle 
settings for  the  front  propeller of  6 5 O ,  TO0, 75O, and 800. The test  
points shown were obtained f'rom both rakes. In moat cases, good agree- 
ment was obtained  between  the two rakes. 

The thrust loading  curves  resemble  those f o r  single-rotating  pro- 
pellers,  although the thrust on the hiboard s ta t ions  is  presumably 
higher than would  be attained by a single-rotating propeller of optimum 
loading, f o r  the dual  propeller w&s designed t o  produce such a higher 
loading. In  many cases,  the  influence of the  propeller  extends well 
beyond the s ta t ion  that   equals   the  propel ler- t ip  radius (XW = 1.0). 

The ef fec ts  of  compressibility on the  thrust loading of the dual 
p rope l l e r .w i l lbe  illustrated primarily by the data a t  a front-propeller 
blade-angle setting of 7 5 O  since this i s  very near  the  design  angle. 
Figure 9 shows the   e f fec t  of  forward k c h  number on the  section-thrust-  
coefficient  loading a t  an advance r a t i o  JF of 7.3, which is the  admzce 
r a t i o   f o r  peak efficiency at the lower t e s t  forward  speeds. As the   for-  
ward  Mach  nuniber is increased from 0.35 to 0.80, there is  a progreseive - - 
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dCT 
dXw 

b 

increase  in  the  value of  - over the  entire  blade. A t  Mach  rmmbers 

above 0.80, the  section thrust coefficient drops  rapidly,  but  the  decrease 
i s  l e s s  pronounced a t  the  outboard  stations. The result is tha t  a t  the 
highest Mach m b e r  tested,  the  sections  near  the  propeller  tip produce 
a re la t ive ly   l a rge  pa;rt of t h e   t o t a l  thrust. 

I 

The loss i n  thrust coe f f i c i en t   a t  Mach numbers above 0.80 may be 
explained  as caused  by a combination of changes in   a i r fo i l   s ec t ion   cha r -  
ac t e r i s t i c s  which take  place at Mach numbers beyond t h e   c r i t i c a l  speed. 
These changes m a y  include  an  increase i n  drag  coefficient, a loss  i n  
lift-curve  slope, and a sh i f t   in   the   angle  of zero lift. A clearer 
picture of the  effects  of changes i n   a i r f o i l   c h a r a c t e r i s t i c s  on the 
thrust can  be.obtained from figure 10 which shows the  var ia t ion of sec- 
t i o n  thrust coefficient  with advance r a t i o  f o r  several  forward Mach 
numbers. Data a re  shown for   the  three  radial   s ta t ions xw = 0.525, 
0.70, and 0.90. In general,  the  curves  indicate that increasing  the 
Mach  nuniber from 0.35 t o  0.80 produces a progressive  increase i n  slope 
of the  curves  with l i t t l e  change in  the  value  of  the advance r a t i o   f o r  
which the thrust i s  zero. A t  a Mach  number of 0.85, the thrust curves 
suffer  some loss i n  slope,  particularly a t  the xw = 0.70 station,  but 
t h i s  i s  largely  recovered a t   the   h ighes t  test Mach numbers of 0.90 and 
0.925. The thrust curves a t  these l a t t e r  Mach numbers are characterized 
by a s h i f t   i n   t h e  value of  JF f o r  which the thruat is zero. This 
s h i f t  appears  related t o  the change that takes place in   the  angle  f o r  
zero l i f t  of cambered a i r f o i l s  at Mach W e r s  beyond the  force  break. 
However, a t  high  blade  angles,  the  value of section thrust is  great ly  
affected by a change i n   t h e  d u e  of section drag coefficient.  Much 
of  t he   sh i f t   i n   t he   t h rus t  curves t o  smaller values of  advance r a t i o  
m a y  therefore be the result of the  section drag rise which OCCUTB a t  
high  section Mach numbers. 

The data  indicate,  then, that changes i n  the  lift-curve  slopes of 
the   a i r fo i l   sec t ions  have a secondary  influence in producing the large 
decreases i n  thrust loading which occur at high Mach &era.  These losses 
i n  tbrust a t  a constant advance rat io   are   pr imari ly   the  resul t  of changes 
in  the  angles  of  zero lift and increaees in   the  drag  coeff ic ients  of the 
a i r fo i l   s ec t iom.  I 

Inspection of figure 10 shows that   the  changes i n  thrust loading  are 
l e s s  pronounced for   the  xw = 0.90 s ta t ion  than  for   the Inboard s ta t ions.  
This suggests  that a t ip - re l ie f   e f fec t  exists which reduces  the shock 
strength and flow  separation  near  the  t ip at supercr i t ical  speeds  and 
results i n  lower drag coefficients a t  t h e   t i p   s e c t i o m  thrw a t  the 
inboard  sections.' However, the saaller changes i n  load near the t i p  
cannot  be a t t r i b u t e d   t o   t i p   r e l i e f  alone, for  the  smaller aerodynamic 
helix  angles near the   propel ler   t ip  will tend t o  decrease  the changes i n  

. 
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0 thrust  loading 
of the a i r f o i l  

- 9 

resul t ing from changes in  the aeroaynamic character is t ics  
sections. 

L 

The effect  of compressibility on the thrust loading f o r  o p e a t i o n  
a t  maximum efficiency is shown in figure U. f o r  the four front-propeller 
blade  angles of 650, 700, 750, and 80°. The changes which take place i n  
the  loading are slmilar to  those which  have been  found in tests of single- 
rotating  propellers  (ref.  5 ) .  As the forward Mach m e r  is  increased, 
the  section thrut3-t coefficient  increases  along  the  entire  blade until a 
maximum is  reached. As the   mch nuniber is increased  further, a loss in 
section thrust coeff ic ient  is evident,  beginning ~ a , r  t h e   t i p  and pro- 
gressing  Inboard. The  Mach m e r  a t  which this first loss  i n  thrust 
loading occurs  tends t o  coincide with the beg- of the  efficiency 
loss a t  high speed8 as determined  by  the  force tests of t h i s -p rope l l e r  
( re f .  1). A t  the highest test k c h  numbers  of 0.90 &nd 0.925, the 
advance ratio at which maximum efficiency OCCUTS shifts to smaller  values 
and the outboard sectiom  regain  the initial thrust-coefficient loss.  
A t  these highest speeds, the thrust is then concentrated  farther aut- 
board than a t  lower speeds. Th3s greater  effectiveness of the outboard 
sections is a t t r i bu ted   i n  part t o  t i p   r e l i e f  which a l lev ia tes   coqress ion  
shock and flow  separation. 

C 

C ONC LUS I O N S  

Wake-survey measurements of the thrust loading of  the NACA 
343) (05) -05 eight-blade  dual-rotating  propeller at forward Mach numbers 
from 0.35 t o  0.925 indicate  the  following: 

1. Changes in the l if t-curve  slopes of the a i r fo i l   s ec t ions  have a 
secondary  influence in producing the  large  decreases in thrust  loading . 
which occur a t  high Mach numbers fo r  a given advance r a t i o .  

2. The decreases in th rus t  a t  high Mach  fllznibers are  primarily the  
r e su l t  of changes i n   t h e  angles of  zero lift and increases in  the drag 
coefficients of the   a i r fo i l   sec t ions .  

3. The changes i n  thrust loading with Mach number a re   l e s s  pronounced 
a t   t h e   t i p   s e c t i o n s  than at the  inboard  sections. 

Langley Aeronautical  Laboratory, 
National  Advisory Committee f o r  Aeronautics, 

Langley Field, Va. 

. 
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Figure 1.- Top view of test apparatus. 
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Figure 3. - NACA 3- (3) (05) -05 propeller blade. "$97 L-64-668 
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(a) M = 0.33 and 0.53. 

Figure 5 . -  Sectlon-thrust-coefficienk curves for NACA 3-(3) (05)-05 
elght-bhde dual-rotating propeller. 
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(b) M = 0.60 a d  0.65. 

Ftgure 5.- Continued. 



. . . . . . . 
. . 

w 
1 e z 

,4 .5 .6 .7 ' .8 .9 1.0 1.1 . 1.2 
wake stoticfl ,XW 

( c )  M = 0.70 and 0.75. 

Figure 3.- Contlnued. 
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(a) M = 0 

Figure 5. 
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(e)  M = 0.9. 

Figure 5.- Concluded. 
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(a) M - 0.35. 
Figure 6 .  - Sec t ion -WLcoef f l c lmt  curves for N K A  3-(3) (05)-0S eight- 

blade dual-rotating propeller. = 70'; = 68.2O. 
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Wake station,xw 

Figure 6. -  Continued. 
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Figure 6.- Continued. 
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(e) M = 0.80 and 0.85. 

Flgure 6.-  Contirmed. 
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(f) M e 0.9 and 0.925. 

Figure 6. -  Concluded. 



W d e  statim, x, 

(a) M = 0.35. 

Figure 7.- Sectim-thruElt-coefficient curves for NAIX 3-(3)(05)-05 eight- 
blade d d - r o t a t i n g  propeller. 

$0 - 7% 

I 



, 

2.0 

1.8 

16 

$1.4 
0' ; 12 

3 .8 I 
:? 
E 
g 1.0 

s 
.6 

.4 

2 

0 

-.2 .4 .5 .6 J .E .9 1.0 1.1 1.2 
Wake stotlon,~, 

. .  . . . . . . . . . . . 



1 

.. . . .  

.4 5 .6 .7 .E .9 IO 1.1 1.2 
waka smbvu 

( c )  M = 0.60 and 0.65. 

F i w  7.- C ~ n t i n u e d .  

. .  . . 

E H 
w 0 

. . . . . . . . 



. . .  

1 

.4 .S .6 .7 .8 9 LO 1.1 1.2 
wdre a f o l i i , x ,  

(d) .M = 0.70 and 0.75. 

Figure 7.- Continued. 
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Figure 7.- Continued. 
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